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• Introduction. -Self-assembly with scaffolded DNA origamis [1] enables the fabrication of template biosensing structures or dynamical systems in 2D and 3D with nanometer scale accuracy in a simple bottom-up approach. Besides immediate applications such as biosensors [2] , many strategies make use of the DNA dynamical behaviour to achieve complex functions or structure reconfiguration. Prescribed tracks have been used for the development of nanomachines and nanorobots [3] [4] [5] while strand displacement techniques [6] have been employed to reorganise origami structures [7, 8] . However, despite these innovative realisations, the folding process of DNA origamis remains poorly understood.
DNA origamis are made of a 7249 bases long ssDNA scaffold (M13mp18) folded with a set of about 200 complementary short ssDNA (32 bases long) called staples. DNA origamis form as the result of an annealing process. The fraction of hybridized bases (degree of pairing θ(T )) can be obtained from raw absorbance measurements as indicated in [9, 10] . The derivative of the melting curve of a short dsDNA displays a maximum that is often used to determine the melting temperature (T m ). For more complex structures, melting and annealing curves do not match, the temperatures corresponding to the maximum of their derivative are also different. In this paper, we show that well-established models of dsDNA folding do not apply to DNA origamis. In fig. 1 we compare the predictions of the simplest model of DNA origami folding (where the staples fold independently) with the experimentally obtained melting curves from three different origamis. These data show that the hypothesis of independent folding leads to completely erroneous predictions of the melting stability.
Staples are designed to hold together regions of the scaffold that, otherwise, would be separated by a long portion of the scaffold. The binding of a staple to the scaffold is hindered by an entropic penalty that depends on the length of this region: the longer the region, the lower the probability that the regions complementary to the staple are close to each other. Moreover, depending on the melting temperature at which each staple binds, it may happen that other staples are already bound to this portion, reducing its effective entropy. Therefore, the binding of any staple depends on the binding state of the other staples, leading to a field of interacting loops of various sizes. In this work, we characterize the type of configurations that may influence the binding of any staple. We show that the key issue to disentangle the folding process is to take into account the cooperativity of staple association with the scaffold. More precisely, we show that only the staples contained in a close neighborhood of any staple influence its binding.
Small origamis. -We first investigate a simple structure, hereafter named small origami, which highlights the • . Also, the origamis show distribution widths that are significantly reduced.
main topological features staples may have in an origami. The small origami is made of two ssDNA 32b long (staples) and a 64b long ssDNA (scaffold). This pattern aims at describing the basic properties of a DNA origami building block. Small origamis are similar to other structures which have already been studied experimentally [11, 12] and theoretically [13, 14] . Three different sets of staples were chosen to evidence cooperative effects induced by the topology of the structure. In the first two sets, one staple, noted S AT , only contains A or T nucleotides, whereas the second, noted S GC only contains G or C nucleotides. Accordingly, their melting temperatures are far apart, respectively 57
• C and 91
• C. This allows to differentiate the two staples in the melting curve and to evidence correlations in a hierarchical folding process. We show in [9] that the same results can be extended to staples having similar AT/GC ratios.
The topology of the structure is illustrated in fig. 2 : each staple contains two contiguous sequences, 16b long, that bind to non-contiguous parts of the scaffold (noted S c ). In fig. 2a , S AT is in the "outer" position, S GC is in the "inner" position. Let us consider what happens when only half of the staple is hybridized. In the "outer" position, the unbound parts of the staple and the scaffold are located on the same side of the bound moities ( fig. 2b ), which form a stiff dsDNA helix. The complete binding of the staple is hindered by the portion of the scaffold which is non-complementary to the staple. This portion forms a flexible coiled coil.
In the "inner" position, the binding of half of the staple to the scaffold also leads to a stiff dsDNA helix. The unbound parts (the other half of the staple and its complement in the scaffold) are on the opposite sides ( fig. 2c ) of this non-flexible region, which makes the binding more difficult than in the "outer" position. Besides the existence of this entropic hindrance, the inner position requires that double-helical domains stay in close contact, which could result in additional instability. Motivated by these considerations, we have investigated the two cases where S GC is either in the inner position (S AT in the outer) or in the outer (S AT is inner). In both cases, the sequence of the scaffold is designed to contain the complementary sequences of the staples (see insets of fig. 2(d) ). Figure 2d shows both the influence of
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Modelling the folding of DNA origami the topology and a first example of cooperativity: when solutions containing only S AT (outer) and S c are prepared, a bulge is formed that decreases T m from 57
• C (S AT with its complementary) to 48.5
• C. If S GC is present the bulge entropy [15] is decreased and S AT binds at 51.5
• C. A much more pronounced effect is observed when S AT is in the inner position. When the solution contains only S AT (inner) and S c , S AT hardly folds: the particular topology of this position lowers the T m by almost 15
• C. The effect of the correlation is striking, the presence of S GC (outer) reduces this shift to 7
• C. In other words, when a loop is prepared ( fig. 2b) , the binding of the inner staple is easier. These experimental results show both the influence of the topology and the hierarchical correlation between the two strands: the GC-rich staple S GC helps the folding of the AT-rich staple S AT whatever its location. They also show that the location of the strand is of importance, the inner location being much less favourable than the outer. We show in [9] (figs. 4, 5 and 6) that similar conclusions can be drawn when the difference in AT/GC content is less pronounced than in the S AT /S GC case.
A model for the folding of DNA origamis. -For long linear structures of dsDNA, the knowledge of the base pairing thermodynamic parameters and the use of linear recurrences [16, 17] allow to describe the folding process. DNA origamis have a huge number of possible configurations in a highly connected network bearing pseudoknots. This prevents the use of linear recurrences.
The main characteristic feature of a DNA origami is the existence of many crossovers. Crossovers designate positions at which staples running along one helix switch to an adjacent helix and continue there. Small origamis have a single crossover. In DNA origamis, there are hundreds of crossovers: each staple is 32b long and can be divided into three parts of lengths 8-16-8 that hybridize to non-contiguous regions of the scaffold ( fig. 3a) . Therefore, each staple participates in two crossovers.
From the results obtained in the previous section, it could be expected that in DNA origamis some form of cooperativity is at play in the crossover formation. In the following, we will assume that the cooperative behaviour between the two staples forming each crossover can be derived from the thermodynamic parameters of the small origami.
The DNA origami folding process can generally be described by a set of "insertion" reactions of the form
where S i denotes the i-th staple, and N (S i ) represents a particular set of neighbour staples (to be defined below) that influence the insertion of staple S i . To proceed, we need to make further approximations.
i) Each part of the staple is either completely folded or unfolded. This assumption probably fails for 3D origamis [18] , for which the staples are divided into rather short parts (only 4b to 5b long), but should hold for planar origamis, where the staple parts are at least 8b long. We also disregard kinetic effects leading to partial staple hybridization to "wrong" regions of the scaffold.
ii) Locality: only configurations N (S i ) in a close neighborhood of the staple S i of interest are considered. All the origamis considered in this paper are such that the crossovers can be aligned in rows. For each staple and crossover, its possible neighborhoods will include only staples in the same row and separated by less than 75b.
iii) The cooperative effect is translated in a simple relation for joint probabilities. Let us consider two staples S i and S j with respective probabilities p(S i , T ) and p(S j , T ) and such that p(S i , T ) < p(S j , T ) (for instance, T m (S j ) > T m (S i ) ). Cooperativity implies that p(S i , S j , T ) = p(S i , T ) and that the probabiliy to have S j hybridized and S i unpaired is
iv) We disregard kinetic and non-linear effects, the computation being based on the law of mass action for the chemical-equilibrium reaction, eq. (1). Notice that this is only an abbreviated notation: for each staple S i , N (S i ) can be any of the possible combinations of staples included in the neighborhood of S i . Notice also that the joint probabilities p(S i , S j ) are necessary to compute the probability of each neighborhood N (S i ).
The probability p(S i , T ) for staple S i to be hybridized at temperature T is the solution of the coupled set of equations:
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This set of equations can be further approximated by the iteration:
Here, dT denotes the temperature step that determines the annealing-melting protocol and p(S i , T |N (S i )) the conditional probability to hybridize staple S i in the neighborhood N (S i ). In the annealing process (dT > 0), at high temperature T ∞ , p(N (S i , T = T ∞ )) = 0 except for the empty neighborhood (the staple hybridizes to the scaffold in the absence of any other staple). For lower temperatures, p(N (S i ), T ) can be computed from the knowledge of p(S i , T ) and the correlations between staples (item iv)). We show in [9] that the set of equilibrium reactions determines p(S i , T |N (S i )) provided the equilibrium constants of these reactions are known. This amounts to defining an energy model which is detailed now. The gain in Gibbs free energy for hybridizing S i , ∆G(S i , T ), contains two contributions: ∆G = ∆G NN + ∆G top . The local contribution ∆G NN only depends on the chemical sequence of S i . It quantifies the gain in free energy associated with the local formation of a double helix. We use the parameters of the nearestneighbour model [15] with a temperature correction given in [19] (cf. [9] and [19] for a detailed description). ∆G top gathers several contributions that depend on the connectivity of the origami. With each crossover, we associate an entropic penalty. This penalty reflects the difficulty for a staple to hybridize non-contiguous parts of the scaffold: the longer the region of the scaffold that connects the two parts to be hybridized, the larger the penalty. Based on the data obtained previously, we consider three situations similar to those encountered with the small origami ( fig. 3b, c, d, e) . Figure 3b shows a generalization of the "outer" location with loops surrounding the staple. Figure 3c shows a crossover state where the "outer" staple binds in the close vicinity of an already hybridized staple. Figure 3d shows a topological inner structure. As previously, crossover states will have the weakest penalty, while the inner state ( fig. 3d) will have a shift in free energy larger than that of the outer state ( fig. 3b) . For the outer state, the loop entropy is taken into account by ∆G top (outer)= −T ∆S bulge (n T − 0.8 nb f olded ). The function ∆S bulge (n T ) is that of ref. [15] where n T is the number of bases along the scaffold and nb f olded is the average value of bases folded along the scaffold (this average takes into account the probabilities of all the possible neighbouring configurations). For the crossover state, ∆G top (crossover) = ∆H 0 − T ∆S 0 with ∆H 0 = 25.3 kcal/mol and ∆S 0 = 65.0 cal/mol/K. This constant contribution has been derived so as to fit as well as possible the S AT -S GC experimental data. It corresponds in order of magnitude to the ∆G associated with the unbinding of two or three nucleotides.
For the inner state, an additional penalty is added to the entropic penalty of the loop: ∆G top (inner) = ∆H unbind − T ∆S unbind − T ∆S bulge (n T − 0.8 nb f olded ). ∆H unbind (respectively, ∆S unbind ) quantifies the loss of enthalpy (respectively, gain in entropy) associated with the partial unfolding of the ends of a staple involved in the inner state. The number of bases that unfold is a parameter of the model. The best fit corresponds to the unfolding of a total of 8 bases, two bases for each of the four extremities of the staple. Under some circumstances ( fig. 3e) , a crossover can be considered to be in two types of location. In such cases, the smallest ∆G top is taken into account.
The modelling obtained with ∆G NN and ∆G top is quite satisfactory for small origamis (cf. fig. 4 ) but, for origamis, there is a constant negative shift (∼ −2 K) of the melting temperatures. This shift indicates that another stabilizing mechanism that is not present in small constructions has to be invoked. Indeed, in the folded structure of origamis, double-helix sections are separated by distances of the order of 1nm. It is then reasonable to think that mechanisms such as correlations between counterions and hydration forces come also into play, as it is the case when DNA condensates [20] . This electrostatic stabilizing term is proportional to the number of neighbouring bases n n that are close to the staple S i and to the length of the partially folded configuration of S i . The energy per base −0.078 kcal/mol/base is similar to the one needed for DNA condensation 10 −1 k B T/base to 10 −2 k B T/base [21] . The salinity of the buffer is taken into account via the correcting terms in [22] in the case where Mg is dominant [9] . Finally the number of folded bases is converted to a theoretical absorbance [23] .
Four different DNA origamis ( fig. 5a ) were investigated with the same scaffold (M13mp18 virus) and about 200 staples. O1 is the rectangle in the original Rothemund work [1] , most of the staples are 32b long, with sequences divided in 8-16-8 patterns. O2 is another rectangular origami that includes a hole [24] and presents the same 8-16-8 pattern. O3 has the same connectivity pattern as O1, but some staples have been merged two by two in four areas (coloured in black in fig. 5a ), with a 8-16-16-16-8 staple pattern. Finally, O4 is another rectangular origami
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Modelling the folding of DNA origami where a 100b long subset of the scaffold goes from one side to the other of the rectangle, forming a ssDNA "bridge".
For each origami, a series of annealing-melting cycles was performed coupled to UV-absorption measurements. With the protocol detailed in [9] , the degree of pairing θ(T ) was extracted as a function of the temperature. The temperature ramp (0.4
• min −1 ) is typical for these one-layer origamis. The annealing-melting process is not symmetrical, the hysteresis between the two phases of a cycle is such that the melting takes place at temperatures higher than the annealing.
The overall agreement ( fig. 5a ) between the computed and experimental melting-annealing curves is fair. The model captures the hysteresis between the annealing and melting processes, as well as the relative strength of this hysteresis between different origamis (O2 has only 4 K shift between annealing-melting, whereas O4 has 10 K shift). The maximum value of the derivative, which can be linked to the overall enthalpy of the transition in a two-state model, is also reproduced. This feature is robust against small variations of the parameters of the model.
In our model, a penalty is associated to each crossover. Reducing the number of crossovers should in principle increase the stability in the annealing process. We started from the O1 shape to reduce the number of crossovers. In the initial origami there is a length of 32 bases between two crossovers, which corresponds to three periods in the double helix. Increasing the distance between crossovers leads to consider 54 bases (5 double-helix periods). We considered two possibilities, illustrated in fig. 5b : staples 27b long, split into 13-14 (O5 origami), and staples 54b long, split into 13-27-14 (O6 origami). Indeed, there is a trade-off between the gain in enthalpy when increasing the length of the staple, and the additional penalty of having two crossovers per staple instead of only one. Our model shows that the net gain in stability, compared to the initial 8-16-8 staple strategy, is almost 20
• (fig. 5b, O6) . Again, the comparison with the experiment is fair. Notice that decreasing the number of crossovers could have an impact on the flexibility of the origami.
DNA origamis appear as a versatile tool to design various types of DNA-based nanostructures. We have introduced a simple model based on known thermodynamic properties of dsDNA and their parameterization with the nearest-neighbour model [15] . This model provides a reasonable account of the observed melting and annealing 28006-p5 J. M. Arbona et al.
behaviour of DNA origamis. The model reproduces hysteresis and melting temperatures, as well as the width of the melting curve. It emphasizes the importance of the topology at the local scale and the role of cooperativity in the folding process by introducing correlations between the probability of presence of neighbour staples. The model assumes local equilibrium for the insertion process of staples, non-equilibrium aspects being linked to cooperativity. Finally, it allows to improve the thermal stability by quantifying the effect of different construction factors such as staple length and density of crossovers. * * * This work was supported by CNRS (PIR funding). Thanks to C. di Primo and J.-L. Mergny for letting us use their equipment and to T. Tran for the Origami O2.
